l}sing a drop m et hod a nd an ice calorim eter, precise meas urements of entha lpy relative to ,0 C ,~ere m,a de on a sample of granular polytetrafiuoroethylene which was initially 95 p e l c~n t clystallme, Th e m eas ur e r~Jents were at t~mp eratur es every 50 deg rees from 50 to 300 ,C ~both befor e an~ after meltlllg and quenchll1g) ; and a lso at 340, 400, a nd 440°C in th e hquld range, where It appea!'ed that stru ctural equilibrium of t he polymer was reached only slowly. Marked upturns III the heat cap acity-temperature curves of the crystallin e a nd quench e~ polymer a bove abo ut 200°C were treated as corresponding to "Tad ual but reverslbl,e fUSion of the type eommon l.v: caused by impuri ty. components ("pt':' emelting"). Consldelatlon was g iven a lso to t he po sslblll t~ of mcltll1g of t hm crystals. The (total) h eat of fU S lOl~ co uld not be dete rmll1 ed calonmetn call y by the method used, bu t t he addition a l ass umptlOn of three alte rn ative a pproximations in a ll cases led to 327°C as t he crystallin e melt mg POll1t ? f t he polym er, which ag rees exactly with t he accepted valu e based o n direct obseivation. Th e heat capacIty a nd r~lat l ve enth alpy a nd entropy of the polymer d erived flOm the data wei e JOll1 ed smoo t hly with precIse low-tem perat ure valu es measured earli er at the Bureau on t he SH me a nd t \~O other samples of polytetra fluoro ethy lene, a nd these proper tICs a re represented by equation s a nd tabu lated as function s of temperature.
Introduction
Po~ytetrafluorethylene, ( C2F4 )n, which is commerclally produced under the trade name "Teflon" 2 has many proper ties which m ake it unique among know~1 hlg~ polymers. Its crystalline melting point . (3 27 C), VlSCOSlty when melted, and thermal s tabilIty a~'e especially high: It is highly r esistant to chenucal attack , and IS insoluble in all common solven~s , I.t has . an extremely low dielectric loss and hlgh . dlelectn c stren.gt.h.. Also, it has unique non-adheslOn and an tlfnctlO nal characteristics . Thes~ propertie~ s u~gest some of the more impor tant practl~al uses of thls unusu al polymer, Durmg the past two decades numerous im-estigations of the properties and molecular-scale structure of polytetraflyoro et.hyle~e h ave. bee l~ publish ed. A comprehensIve reVIew of the subJect, WIth numerous references, was published by Sperati and Starkweather in 1961 [1] . 3 Of. the various kinds of polytetrafiuoroethylene, ope IS the so-called. "granular" poly mer. It conSlStS of spongy whlte particles whose porosity is confirmed. by the fact that the specific surface area a.s determmed by nitrogen adsorption is over 1000 tImes as great as the outer surface area of the particles observed microscopically.
The covalent chains forming the molecules of polytetrailuoroethylene are belie ved to be entirely "lineal''' (i.e., unbranched), a belief which receives 1 rr his pa per is based 011 work sponsored b y th e Ordn ance Corps U .S. Departm ent of the Army. '
~ Hegistercd trademark of E. 1 . dl! Pont de Nemours a nd Company, Wi!-IDmgtoll, Delaware. 3 Figures in brackets indicate the literatu re references at th e end of t his pa per.
support from the fact that the formation of branched chains in ~he polymerization of C2F 4 would involve the breakmg of C-F bonds, which are relatively stro.ng [1] . The average number of CF2 groups per ch am has been found to vary from 3,000 for specially prepared low-molecular-weight sa mples to as high ~s 180,000 for samples similar to those of industrial lI1terest . [1] , these .numbers corresponding to molecu~ar WeIghts 50 tlmes as great. It is co nsidered hIghlJ: probable ~hat each m olecule of th e polymer contall1s a sulfol1lc or a carboxyl 0TOUP at each end dep~ndi.ng on the type of initiato~ used in the poly~ m er~zat~o n [1] .. Samples obtained by direct polyl'!len zatlOn ~re ll1 so ,?e cases over 95 percent crystalhne, but alter havmg been m elted the deoTee of cryst~llinity is invariably d ecreased. Infrm?ed absorptlOn .a n~ x-ray diffraction studies by Thomas et a1. [2] mdl~ate~ that after quenched, intermediate, and slow coohng from the melt the deoTee of crystallinity ~as approximately 50,' 60, al~d 70 percent respectl vely. However, electron-microscope studies led Speerschneider and Li [3] to believe that similar variations of cooling rate led to little difference in the degree of c~'ystallinity; they postulated alternate layers of crystallme and amorphous material in the polymer so treated. The rate of crystallization varies inversely with mol~cular weight. The density at room t.emperature vane? from 2.3 g cm-3 for the crystalhne to 2,0 g ~m-3 for the amorphous polymer [1] .
In crystallIne polytetrafluoroethylene at temperatures below 19°C the chains are arrano'ed in helices with a 180° twist every 13 carbon atgms. As the t~mpera.ture rises! ~t atmospheric pressure a crystaldl sordenng transltlOn occurs at approximately 19°, and another much smaller one at 30°C with oTadual untwisting and di sorientation of the cJ~ain segments until above 30 ° the preferred crystallographic direction has been lost and these segments oscillate about their long axes, with some indication of occasional complete rotations. In the amorphous regions of the polymer, glass transitions have been detected at about -97 0 and 127 DC, where motions of sequences of CF2 groups are believed to set in. Eby and Sinnott [4] believed that the rise of internal friction above 240 DC in a 95-percent-crystalline sample may be the result of additional but hitherto unresolved crystalline relaxations. The generally accepted melting point of the crystalline polymer is 327 DC, where all opacity was observed to disappear on heating [5] . However, a small crystalline relaxation just below this temperature has been observed, and this is attributed to melting of crystalli tes. Symons [6] has recently reported that polytetrafiuoroethylene, as crystallized from solution in perfiuorokerosene, remained unchanged in appearance at temperatures below 327 0 , but showed a very gradual loss of birefringence and overall form through the range 327-34r on further heating at a rate of 0.5 deg per min .
The high melting point of the polymer is attributed to the persistence of direction of the long molecular chains. A considerable amount of molecular-scale structure persists on melting. X-ray diffraction shows that in the liquid the chains are almost stl"iLight for several rep eat units; Sperati and Starkweather [1] believe that the chains are folded (over long p eriods), as they are in other polymers. As the temperature of the melted polymer rises, pyrolysis begins to occur (by first-order reaction in the r a nge 360-510 DC), C2F4 being the maj or gaseous decomposition product. During pyrolysis the average molecular weight and viscosity of th e liquid decrease.
Most of the fundamental thermodynamic properties of different types of polytetrafiuoroethylene have been measured. Data-of-state measurements include the density under various conditions (including thermal expansion to high temperatures and compressibility to high pressures), as well as the change of melting point with press ure. The standa rd heat of formation has been determined by fluorine-combustion calorimetry. Furukawa [9] and Lupton [10] have calculated the crystalline heat of fusion, and Starkweather and Boyd [11] have decomposed the entropy of fusion into components attributed to specific structural changes. Brandt [12] has developed an intermolecular potential function and estimated the lattice energy and the compressibility at 0 oK. Gotlib and Sochava [13] have used the method of Born and von Karman to calculate from spectroscopic data a frequency spectrum for polytetrafluoroethylene, reporting good agreement with the measured heat capacities of the polymer in the range 50-200 oK.
The present paper reports measurements by drop calorimetry of the enthalpy relative to 0 °c of polytetrafiuoroethylene. The sample on which the measuremen ts were made and that measured by Furukawa, : VIcCoskey, and King [7] at lower temperatures and referred to by them as granul,ar powder were actually specimens from the same batch of material. Before the sample had been melted, the heat capacities of the present work agree well with the values of Furukawa et al. on the powder , but after the sample had been melted the heat capacities became considerably higher but agreed approximately with their values on the annealed and molded forms.
Sample
Only one sample of polytetrafluoroethylene was used for the present enthalpy measurements. The sample was obtained from E. 1 . du Pont de Nemours and Company in 1951 as "Teflon TF-1", and is equival ent to their current commercial product designated as "Teflon 1 TFE fiuorocarbon resin."
Recently, through the courtesy of C. A. Sperati, several tests were carried out at du Pont on a third sample of t he same batch in order to characterize it more definitely in case its properties should bear a significant relation to the precise thermal results reported here. The results of these tests were summarized as indicating that the sample is of commercially available ASTM4 Type I granular polytetrafluoroethylene (ASTM designation D -1457-62T), the particular sample having a crystalline content of 94.8 percent, a specific surrace area of 2.2 m 2 g-l) and a standard specific gravity of 2.166. The average molecular weight, which was not measured directly, was believed to be relatively very high. As discussed in other sections of this paper, the above properties of the sample were drastically changed before the series of thermal measurements was completed, especially at the time when the sample was first heated above its melting point.
Before the thermal measurements, the sample specimen was evacuated to remove traces of moisture, and, though un sealed in its container, showed no detectable loss in mass during the subsequent periods of heating to temperatures as high as 340°C . In the thermal measurements the sample was in a cylindrical container of pure nickel weighing about 20 g. A screw lid of the same material closed the container, but not gas-tight. Before each in-sertion into the apparatus, filled with helium at atmospheric pressure, the container with sample was evacuated and filled with the same gas.
. Calorimetric Procedure
The apparatus and method used in measuring the enthalpy have been described in detail in a previous publication [14] . In brief, the method was as follows. The sample container was suspended in the center of a silver-core furnace until, as determined by preliminary "relaxation-time" tests [15] , the sample had time to reach the constant furnace temperature within 0.01 deg C or less. The sample and container were then dropped (with almost free fall) into a precision Bunsen ice calorimeter, and the heat they delivered in cooling to 0 °C was determined by the mass of mercury entering the calorimeter because of the reduction in volume caused by the melting of ice. Similar measurements had been made on the empty container to account accurately for (a) the part of the heat which was due to the container when the sample was present, and (b) the small amount of heat lost elsewhere than to the calorimeter during the drop. The net heat conributed by the sample itself is taken as its change III enthalpy between the furnace temperature and o °C .
The temp erature of the central portion of the furnace, which was h eld constant to within ± 0.01 deg C at the value desired in a particular heat measurement, was measured by a strain-free platinum resistance thermometer (ice-point resistance, about 24 ohms) and a Mueller bridge. The thermometer had been accurately calibrated on the Internationnl Temperature Scale of 1948 at the Bureau, and its ice-point resistance was p eriodically checked throughout the series of calorimetric measurements to guard against the occurrence of unknown significant changes in the calibration.
. Results
Because of pre,rious knowledge that highly crystalline polytetrafluoroethylene after being heated to the neighborhood of its melting point (about 327 °0) returns to its former thermodynamic state at lower temperatures only with great difficulty if at all, heat measurements on the sample were first made at furnace temperatures not exceeding 300 °0. The heats measured in this first series of measurements, corrected for very small deviations from the standard masses of container parts, are recorded in chronological order in table 1 (column 3). The second series of measurements on the sample was made after the sample had been heated to 340° and then cooled rapidly to 0 °0 in the ice calorimeter; the results are recorded in table 2, the heats from individual runs being given for the sample plus container in column 5 and for the empty container in column 6. (The same empty-container measurements are applicable to both series involving the sample, but of 151 course for a given furnace temperature no particular individual measurement with the empty container is to be associated with any particular one with the sample.) Beca use the relative enthalpy of the polymer ample as measured in this way may depend on the sample history, and actually proved to do so after melting, the lengths of time in the furnace are recorded in both tables 1 and 2, and in addition the chronological sequence of the second series of runs is indicated (table 2, column 2). The successive furnace temperatures of the second series (with the number of runs at each temperature given in p arentheses) were thus (in °C) 340° (4), 400° (5), 150° (2), 400° (2), 340° (2), 400° (1) , 300° (2), 50° (2), 100° (2), 200° (2), 250° (2), and 440° (4). Since the sample underwent appreciable pyrolysis at 440° (as indicated in column 4 of table 2), no measurements were atternpted at higher temperatures. The first runs at 340 and 400 °0 showed an upward drift well outside the measurement precision, and are parenthesized because they were not used in computing the mean enthalpy values for the sample given in the last column of the Furukawa, McOoskey, and King [7] recorded their smoothed heat capacities, relative enthalpies, and relative entropies for three of their samples of polytetrafluoroethylene at 5-deg intervals up to 92 °0 (except for the transition region 7 to 37 °0). After extrapolating their enthalpies to 100 °0, the enthalpies for the intervals 0-50° and 50-100 °0 obtained from the present work (tables 1 and 2, last column) were found to compare with their values as shown in table 3. The present values for the powdered sample agree with theirs within about 0.5 percent. The results after fu sion ("quenched") approximate theirs on samples similarly treated, the agreement also being within about 0.5 percent when compared with their value on the annealed sample for 0-50 °0 and their value on the molded sample for 50-100 °0. 5 d 20 min at 400°, t h en 60 mill at 340 °C.
• 45 m in at 400°, t hen 150 m in at 340°C. r E xcluc1 iLl g the parenthesized values in column 5. 
An empirical equation of the form
where T is the temperature in deg K and A . E are constants evaluated by fitting to the data (table 1 or 2, last column), was used to represent the enthalpy H relative to that of some fixed temperature and state, for each of the forms powdered , quenched , and liquid polytetrafluoroethylene_ For the liquid the term D/(E-T ) was omitted, giving a simple form of equation corresponding to a heat capacity varying linearly with temperature. Since mean observed sample enthalpies are available at only three temperatures in the liquid range (340, 400, and 440 °0 ) , the data were fitted exactly. For each of the two forms powdered and quenched, the mean heat 152 capacity over successive 50-deg intervals obviously increases with temperature at an accelerated rate in the neighborhood of 300 °0 (tables 1 and 2) , and the term D/(E -T ) wa s arbitrarily introduced to account for this fact. For each of these "solid" forms of the polymer, eq (1 ) was fit to the observed data at five temperatures (100-300 °0), so that in these cases also the fit was exact.
The enthalpy equations so derived, together with the corresponding equations for heat capacity and relative entropy obtained by differentiation and integration , are as follows. The constant terms (integration constants) in the above six enthalpy and entropy equations were evaluated in the followin g way. First, it may be noted that the enthalpy equations fitted to the data only at higher temperatures cannot be expected to fit the 0-50 DC enthalpy increments, since in this temperature interval large heats of transition are involved. On the other hand each of eqs (2) and (5), while derived without use of the observed 50-100 D C enthalpy increment, actually fits this observed increment within its uncertainty, as seen from table 3. In fact it was found that eq (3) gives at 346 .5 OK the same heat capacity for the powder as tabulated by Furukawa, McCoskey, and King [7] . Their enthalpy and entropy at this temperature, relative to 0 OK, were adopted, and the constant terms in eqs (2) and (4) were evaluated so as to satisfy these two respective values.
A similar treatment was performed for the " quenched" sample. Here the choice of a comparable state in the work of Furukawa, McCoskey, and King is not so obvious, Compared with the present "quenched" sample, their "annealed" sample was cooled more slowly whereas it seems not unlikely that their "molded" sample may be more comparable to one which has been cooled more rapidly. Because of this consideration and the fact that their values of each property are very close to each other for the annealed and molded samples at the temperatures in question , these values were averaged, Their average heat capacity is identical with that of eq (6) at 332.5 OK, and so the constant terms in eqs (5) and (7) were evaluated to give agreement with their average values for these respective properties at this temperature. (At 332. 5 OK their values of (ElT -Elo), 01 '1 and (S1' -So) are higher for the molded than for the annealed sample by only 0.0 J g-\ 0.007 J g-l deg-1 (0.7 %) , and 0.002 J g-l deg-1 , respectively.)
It 'is reasonable to assume that after run 7 of table 2 (when the enthalpy values ceased to drift) the quenched and liquid forms of sample cooled to the same thermodynamic state, and hence the same enthalpy, in the ice calorimeter. The further assumption was made that either the powdered or quenched sample, when heated, undergoes no isothermal melting but passes gradually into the liquid state. The equations for the enthalpy of the two forms relative to 0 DC give identical values at 598.33 O K . This temperature was assumed to be the actual melting point (temperature of complete conversion to liquid), and the constant terms in eqs (8) and (10) were so determined that these equations would give the same values at this temperature as eqs (5) and (7), respectively.
It may be noLed that in eqs (4), (7), and (10) the entropy is expressed relative to that at 0 oJ\:. Unlike many simple Cl'ys talline su bstances, polytetrafluol'oethylene undoubtedly possesses some residual entropy owing to random molecular orientations. Its magnitude is unknown, but it may b e small.
Values of heat capacity, relative enthalpy, and relative entropy given by eqs (2)-(10) at even temperatures are li sted in tables 4 and 5. Clll'ves of heat capacity calculated from eqs (3), (6) , and (9) are co mpared with the results 0(' earlier investigato rs in figure 1.
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. Discussion
The annealing of polytetrafluoroethylene has usually been carried out at temperatures of 350 DC or higher. From table 2 (column 5) it can be seen that the enthalpy values in individual measurements at 340 DC continued to increase steadily with time by increments each many times the precisio~ ordinarily obtained, during the first four runs at this temperature, and did not become constant until after four runs at 400 DC, when all subsequent values at either temperature were cons tan t within the precision of measurement.
These drifts with time of th e apparent relative enthalpy of the liquid might off-hand be attributed mainly to one of t hree causes: (1) The shorter times in the furnace may have been insufficient to establish thermal equilibrium; (2) the sample may in different measurements have "solidified" to different enthalpy states in the ice calorimeter; or (3) the state of the liquid may have been changing significantly. As to the first possibility, it was estimated from "relaxation-time" tests made at 100 0 and 150 DC that the sample + container should have had time to acquire its full enthalpy within one joule in 20 min in the furnace at either 340 or 400 DC, accounting for the absorption of the heat of fusion . In each actual measurement the time was always much greater. As to the second possibility, the rates of cooling the sample in the calorimeter were no doubt similar in different measurements, and at any rate probably varied randomly. The authors have carried out drop calorimetry on several materials having known phase diagrams which clearly predict this type of behavior, but invariably the enthalpy values obtained varied randomly with time. These arguments leave only the third possibility, which suggests that, unlike atomic and small-molecule substances, the polymer even after melting does not reach any structural equilibrium rapidly, but at a given temperature slowly absorbs still more ener gy in a virtual continuation of the fusion process . This is probably not surprising in view of the large number of relative positions the long polymer chains can assume even in a high state of disorder.
In contrast to the large enthalpy drifts observed at 340 and 400°C, the two enthalpy values obtained on the powdered sample at 300 °C (table 1) show excellent agreement (to 0.03 percent). Although no measmements at lower temperatures were subsequentlyrepeated before the sample began annealing at 340 0, there is no evidence that the powdered sample underwent appreciable irreversible annealing at 300 0 • As pointed out in section 2, the enthalpy values at this temperature are higher by several joules per gram than would be predicted from an extrapola tion of the values at and below 200 DC. This effect was treated as a reversible partial fusion.
Returning to table 2, the fiTst enthalpy value obtained at 440°C is appreciably lower than the last two. (The second value is assumed to involve an accidental error.) Even though the enthalpy had apparently stabilized at 340 and 400°, it is possible that some small fmther change in the liquid state occurred at 440 °e, a possibility that introduces some uncertainty into the slope of the heat capacitytemperatme curve of the liquid. However, from 340 to 440°C there is no correlation between weight losses and enthalpy changes which suggests such a real change.
Lupton has given an equation of state for liquid polytetrafluoroethylene (cited in reference [1 ] ): (11) where a = 400 atm, b= 0.500 cm 3 
the limiting high-temperature three-dimensional harmonic oscillation of all the atoms in polytetrafluoroethylene . A single harmonic oscillator which gives a heat capacity at 600 OK that is 82 percent of the equipartitional value has a frequency of 650 cm-I . Actually, the frequency spectrum of polytetraHuoroethylene is known to cover a wide range below and above this frequency [1] , and in addition the above value of Gv may include small contributions from structural changes with temperature.
The weight losses observed at 400 and 440 °0 in the present work (table 2, column 4) are at rates five to ten times smaller than those found by Madorsky and his coworkers [16, 17J. Siegel, Muus, Lin, and Larsen [18] also have recently reported rates of pyrolysis of polytetraHuoroethylene, and at 380 °0 find the rate much smaller in the presence of 02F4 gaR at a pressure of 35 mm Hg than in vacuum , as well as a weight gain when the partial pressure of 02F 4 was 80 mm. These results suggest some reversibility of the decom position reaction. Siegel et a1. also used availa ble thermodynamic data to calculate pressures of 02F4 in equilibrium with the polymer from 327 to 712 °0. Their equilibrium pressure at 380 °0 (::; 0.1 mm) indicates that there should have been a gain instead of a loss of weight in the experiment at 35 mm, and suggests that either their calculated equilibrium pressures are in error by large factors or else that the volatilization reaction observed to occur at this pressure was predominantly other than that of liquid polytetraHuoroethylene to 02F 4 gas. vVhile the present authors have no way of knowing what the pressure of C2F! was in contact with their own sample, they estimate that also in this case the press ure of the gas was probably sometimes many times the corresponding listed equilibrium pressure. The s ubstitution of the heat capacities found in the present work for those estimated by Siegel et a1. would have veTY little effect on the calculated equilibrium pressures. One assumption involved in their calculations is that the Tesidual entropy (SOO K) of the polytetrafiuoroethylene powder measured by Furukawa, McCoskey, and King [7J was zero. If this was not true, the correction would lower the calculated equilibrium pressures of C2F 4• The one important piece of enthalpy data missing from the present investigation is the heat of fusion of crystalline polytetrafluoroethy lene . In drop calorimetry the heat measured is that involved in cooling t he sample ; and it is evident that the powdered sample, once melted, never returned to its original state in the calorimeter . So far as is known, no one has measured the crystalline heat of fusion of this polymer calorimetrically, at lefl.st with any real accur-J,cy. This could be done in precise heating types of calorimetry, though these are not often used at such elevated temperatures. The heat of fusion could be obtained also from the heats of combustion in fluorine of a sample that had been fused and one that had not been (togetheT with the use of the appropriate heat-capacity data), but the heat of such a combustion is approximately 200 times the heat of fusion and hence the combustion calorimetry would need to be not only highly precise but also on entirely comparable samples.
As mentioned in section 1, the heat of fusion of polytetrafluoroethylene has been calculated usin g PVT data and the Clapeyron equation In section 4 the simple type of temperature function D j(E-T) (last term of eq (1)) was introduced to represent the accelerated increase of enthalpy with temperature (presumably as a result of partial fusion) of the two solid forms of the polymer. This function is of the form which to a goo d approximation represents the " premelting" of a great many low-molecular-weight substances contaml11ated with one or more foreign phases ("impurities ") which are insoluble in the solid phase but soluble in the liquid phase of the principal component. Leaving open for the moment the question of how much justification there is in extending this interpretation to the broad melting observed for such a high polymer as polytetraHuoroethy lene, it is appropriate to attempt to test empirically the validity of the D j(E-T) enthalpy term, since it should account for the total heat of fusion when T reaches the observed melting point of the polymer, where fusion is complete.
According to the thermodynamic theory of dilute solutions, the heat of fusion L f is given approximately by (13) where D and E have values as in eq (1), Tm is the actual equilibrium melting (or freezing) point of the material, and E is the corresponding temperatme for the completely "pure" substance. Using the thermal results of this paper as formulated by eqs (2) -(10), eq (13) and each of several alternative assumptions described below were used to calculate values for the sample melting point and the heat of fusion, which are recorded in table 6 . The fu'st such calculation was made assuming Lupton's value of the crystalline heat of fusion stated above. Equations (2) and (13) then give Tm= 326.6 °0. An alternative calculation can be made after assuming a definite relation between the enthalpies or entropies of different form s of the polytetrafluoroethylene sample. According to the accurate low-temperature calorimetric data of Furukawa et al. [7] , the values of (I-I310oK-I-IuO I{) and (S3lO'K -SOO K) are respectively only 0.4 and 0.2 percent different for the powdered form compared with the annealed and molded forms. If the powdered and quenched form s are assumed to have the same enthalpy at 0 oK, one can equate eqs (2) and (8) and get T", = 326.7 °0, which when substituted into eq (13) gives L r = 58 J g-l (1 percent higher than Lupton's value). Or, if the entropies at 0 OK are assumed equal, one gets from eqs (4), (10) , and (13) T m = 327.1 °0 and L r= 65 J g-l (the latter being 13 percent higher than Lupton's value). As for the quenched polymer, it was assumed (section 4) that its enthalpy when in the ice calorimeter was essentially identical to that of the liquid similarly cooled; this suggests equating eqs (5) and (8), which gives T rn = 325.2 °0 and (from eq (13)) L r= 41 J g-l, or only some 70 percent of the values for the heat of fusion of the powdered form . Independent results on the polymer indicate that the quenched sample must have been much less crystalline than the powdered one, but the larger heat capacities of the former at lower temperatures may reflect fm·ther substantial contributions from the fu sion process over a very wide temperature range.
It is striking that the three values in ta:J:>le 6 for the melting point of the powdered polymer are all 327 °0, for this is the generally accepted value based on direct observation but it was nowhere assumed in the above calculations. A simple " premelting"-type enthalpy term, then, appears to provide a satisfactory fit to the available thermodynamic data for crystalline polytetrafluoroethylene. The agreement noted lends weight to the approximate validity of eqs (2) and (5) as empirical extrapolations of the thermal data above 300°C. Such equations may represent well the total enthalpy interval from 300 to 340 °C, the temperatures of the actual measurements, and the uncertainty as to how this enthalpy change is distributed over the 40-deg interval introduces but little uncertainty into the corresponding entropy increment (probably less than 0.002 J g-l deg-1 in the present case). However, the heat capacity undoubtedly increases sharply within the interval and so is highly uncertain at many of these temperatmes.
Below the melting point of a macroscopic crystal its free energy is less than that of the corresponding quantity of the pure supercooled liquid. Hence, if some fusion of the sample occurs at such a temperature, additional effects must be present which remove this free-energy inequality. In the ordinary type of premelting discussed above, a "foreign" phase can dissolve in the liquid formed and thereby lower the free energy of the latter. Incidentally, the theory of dilute solutions on which the ordinary treatment of premelting is based does not require that "chemical" impurities be present. A nominally pure substance may behave thermodynamically as a multicomponent system, and undergo broad melting, if two or more molecular forms are present which convert into one another only slugg·ishly.
On the other hand, in recent years experimental and theoretical evidence has been obtained that substantial amounts of certain high polymers show melting-point depressions because the free energy of certain portions of the solid is "abnormally" enhanced by effects not present in the resulting liquid. The principal such effects are believed to be crystal defects, other high-energy structural features such as chain folds, and especially the presence of platelike crystals so thin that their smface free energies are appreciable compared with their bulk free energies. A recent paper by Hoffman [19] discusses in detail these and other theoretical aspects of polyethylene and polychlorotrifluoroethylene. Such thin platelike crystals are known to be present in polytetrafiuoroethylene too. It thus appears that the accelerated upturn in the heat-capacity curves of the solid forms of polytetrafiuoroethylene, reported in the present paper and attributed to partial fusion , could be explained as being the result of the melting of thin crystals having a suitable distribution of thicknesses. (It should be noted, however, that each of these heat measurements was repeated with high reproducibility, so that it would be necessary to assume that the thin crystals were reformed in the same or an equivalent distribution upon subsequent cooling and recrystallization.)
It may well be that both ordinary "impurity" premelting (where the impurities affect the free energy of the liquid phase) and surface-free-energy effects (which affect the free energy of the crystalline phase) combine to cause the broad melting effect observed in polytetrafluoroethylene.
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